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Abstract: Narrow genetic background is a key limiting factor in breeding stable high-yielding rice. The 
introduction and utilization of international rice core germplasm is an important way to increase the genetic 
diversity of domestic rice varieties. We conducted a genome-wide association study on 5 panicle traits of 
315 rice accessions introduced from the international rice micro-core germplasm bank. Based on the tests 
from Yangzhou of China and Arkansas of American, environment exhibited a significant impacts on panicle 
length and primary branch number, while grain length, grain width and grain length/width ratio were insensitive 
to environment changes. We discovered a total of 7, 5, 10, 8 and 6 chromosomal regions or single nucleotide 
polymorphism marker loci that were significantly associated with primary branch number, panicle length, grain 
length, grain width and grain length/width ratio, respectively. Among them, eleven regions were associated 
with grain shape and one region associated with primary branch number, showing the good consistence 
in two different environments. Significant linear correlation was discovered between the average trait value 
and the number of favorable alleles carried by the varieties in all associated loci. Among the associated 
loci, varieties in aromatic and tropical japonica sub-groups possessed most favorable alleles, while those 
in temperate japonica sub-group contained the least. The domestic varieties mainly harbored unfavorable 
alleles in six of the associated loci being detected. On the contrary, 15 varieties from 11 different countries 
harbored more favorable alleles (as many as 30 or more) than the others. Remarkably, all these 15 varieties 
belonged to the tropical japonica sub-group. In conclusion, our study demonstrates that varieties in the tropical 
japonica sub-group had high potentials for breeding stable high-yielding rice. Based on this discovery, we 
proposed a new approach for improving the panicle traits of domestic rice by using tropical japonica varieties. 
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Rice (Oryza sativa L.) is one of the most important 
food crops, feeding half of the population in the world. 
With the constant increasing of world population and 
the declining of land resource, we are in great need to 
continuously improve grain yield of rice (Zhu, 2007). 
However, there were no major breakthroughs in rice 
yield since 1990s (Zhou et al, 2001; Wang, 2005; 
Zhang et al, 2014). The main limitations come from 
the narrow genetic background of donors, the poor 
genetic diversity of rice germplasm, and the limited 
number of heterotic loci (Wei et al, 2009; Xuan et al, 
2010). Increasing genetic diversity can significantly 
improve rice yield. For example, ‘Yongyou’ series 
varieties from japonica-indica hybrid rice achieve 
dramatic yield increase, even higher than the super- 
high-yielding indica hybrids (Zhou et al, 2012). The 
genetic backgrounds of Chinese rice varieties have 
been increasingly becoming narrower, which has limited 
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the further improvement of rice traits against diseases, 
insects and abiotic stress, etc. (Pan et al, 2005; Zheng 
and Liu, 2009). Thus, increasing parental genetic diversity 
is an urgent and important step for further improving 
rice production and food security of the world.  
Since 1949, many varieties and entries of foreign 
rice germplasm have been introduced to China from 
different countries or ecological regions. These rice 
varieties with superior alleles are precious resources for 
increasing rice genetic diversity in China (Wei et al, 
2010). However, even with the introduction of these 
foreign germplasm, the genetic diversity of the Chinese 
parental breeding lines has not been significantly 
improved (Wei et al, 2009; Xuan et al, 2010). 
The grain yield-related rice traits are regulated by 
multiple genes, which are significantly influenced by 
the environment (Huang et al, 2013; Ikeda et al, 2013). 
If the amount and distribution of favorable genes are 
unknown, it is difficult to apply the foreign rice 
germplasm in traditional breeding methods. In addition, 
there are interactions between genes/QTLs underlying 
yield-related traits and particular ecological environments. 
For instance, the efficiency of certain favorable genes 
can be enhanced by proper ecological environments, 
but countered by unsuitable environments (Liu et al, 
2006; Sreedhar et al, 2011). Thus, it is important and 
prerequisite to study favorable trait-related genes in 
specific ecological environment for utilizing these foreign 
rice germplasms. 
With the rapid development of DNA molecular 
marker technology and quantitative genetics, more 
than 10 genes regulating rice yield-related traits have 
been identified (Huang et al, 2013; Ikeda et al, 2013). 
For example, Gnla regulates grain formation and 
DEP1 enhances grain yield (Xie et al, 2006; Shomura 
et al, 2008; Asano et al, 2010; Mao et al, 2010; Shao 
et al, 2012; Singh et al, 2012; Zhang et al, 2012). In 
recent years, genome-wide association study (GWAS) 
achieved through whole genome re-sequencing and 
single nucleotide polymorphism (SNP) has become a 
powerful approach in rice for identifying favorable 
alleles and genetic variations associated with complex 
traits in large scale and high accuracy (Huang et al, 
2010; Zhao et al, 2011; Han and Huang, 2013). For 
instance, Huang et al (2010) have identified 3.6 
million SNPs by re-sequencing 517 rice landraces and 
performed GWAS on 14 agronomic traits in the 
population, which leads to the identification of two 
loci associated with grain width (GW), five loci 
associated with grain length (GL), and two loci 
associated with spikelet number. A GWAS, based on 
44 100 SNP variants across 413 diverse accessions of 
O. sativa from 82 countries, identified 234 loci 
associated with 34 agronomic traits (Zhao et al, 2011). 
In addition, using SSR markers, some researchers 
performed association studies on yield-related traits in 
different geographic collections of diverse rice 
varieties (de Oliveira et al, 2010; Jin et al, 2010; Dang 
et al, 2014; Tran et al, 2014). Because of the low 
marker density, the distance between the identified 
loci and target genes remains large, affecting their 
subsequent utilization in breeding.  
We have previously introduced a rice diversity 
panel consisting of 413 Asian rice varieties in high 
quality, and custom-designed 44 100 oligonucleotide 
genotyping array (Zhao et al, 2011). To further identify 
potential accessions and genes for domestic breeding 
program, we presented a GWAS on 5 panicle traits of 
315 rice accessions from the panel planted in local 
ecological environments. We made a comparison on 
the characteristic variations of five traits in different 
environments, and analyzed the impacts of associated 
loci on rice traits, which led to the identification of 
valuable varieties and sub-groups with more favorable 
alleles. This study paved a solid foundation for utilizing 
foreign rice germplasm to increase the genetic diversity 
of our germplasm resources, dissecting complex traits 
in rice, and achieving high-yielding breeding. 
MATERIALS AND METHODS 
Rice materials 
A total of 315 rice varieties were introduced from 
McCouch’s Laboratory in Cornell University, USA, 
whose rice micro-core germplasm was collected by 
the United States Department of Agriculture (USDA) 
(Zhao et al, 2011). Using 44 100 SNP genotyping for 
linkage analysis, Zhao et al (2011) divided the core 
into five sub-groups [containing indica (IND), aus (AUS), 
temperate japonica (TEJ), tropical japonica (TRJ) and 
aromatic (ARO)] and one highly admixed (ADM) 
sub-group. More detail information for each accession 
(accession name, number, country of origin and sub- 
group ancestry) is given in Supplemental Table 1. 
Phenotype identification 
The experiment was carried out in the experimental 
field of Yangzhou University, Yangzhou, China, in 
2012. The tested varieties were sowed on 6 May and 
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transplanted on 8 June with each single plant spaced 
by 13.3 cm × 25.0 cm. Each variety was planted in 4 
rows, with 12 plants in each row. These varieties were 
planted according to the order of their serial numbers 
and received normal fertilizer and water management. 
Each variety was planted in two replications and the 
mean value of the two replications was used. The 
heading stage of each variety was recorded, and seeds 
were harvested timely according to the maturity. 
Before harvesting, we measured the heights of eight 
plants in the middle line of each plot, harvested the 
panicle of the main culm, measured the panicle length 
(PL) and counted primary branch number (PBN). For 
grain quality, we randomly selected ten full grains 
after threshing, then measured GL and GW, and 
calculated the ratio of length to width (GLWR). Each 
measurement was repeated three times. 
Data analysis 
Correlation analysis on agronomic traits 
Data processing was performed in Excel 2010 to 
calculate the mean value and standard deviation of 
each agronomic trait. In order to conduct the correlation 
analysis and t-test for the phenotypic values in two 
different environments, values observed in Arkansas 
of American served as the control (Zhao et al, 2011). 
Association analysis between panicle traits and SNP 
markers 
We analyzed the correlation between the phenotypic 
value of five panicle traits and the SNP markers using 
the mixed linear model program of TASSEL3.0 software 
developed by Edward Buckler (Bradbury et al, 2007). 
We set P < 4.7 × 10-5 as the standard to determine 
whether an SNP locus was significantly associated with 
a trait. When determining whether GL was significantly 
associated with an SNP, we adopted a stringent 
screening criteria (with P < 1.0 × 10-10) to reduce false 
positive rate, because there were too many SNP tags 
with lower values than the standard value for this trait. 
The adjustment of the screening standard based on the 
need of a specific trait had also been presented before 
(Huang et al, 2010; Zhao et al, 2011). 
Determination of elite allelic variation in regional 
association 
After comparing all R2 values for significant association 
of SNP markers in the area, we selected the highest R2 
value to represent the contribution rate of this region 
to the trait (Zhao et al, 2011). We compared the allelic 
variation of the SNP loci with the highest R2 value of 
all varieties. We analyzed mean value differences between 
different allelic variations underlying the target trait 
and then determined the superior allelic variation 
based on the analysis results (Zhao et al, 2011). 
RESULTS 
Phenotypic diversity of five panicle traits and 
characteristic changes under different environments 
The results from analyzing PL, PBN, GL, GW and 
GLWR of 315 varieties in Yangzhou, China, showed 
that each trait varied widely (Fig. 1). For example, PL 
ranged from 14.0 cm to more than 41.0 cm; GL 
ranged from less than 6.5 mm to more than 10.6 mm; 
and GW ranged from 2.0 mm to more than 4.1 mm, 
suggesting that the rice germplasm contained ample 
genetic variations in panicle and grain traits. Among 
different sub-groups (Table 1), ARO sub-group with 
typical long grain variety had the longest PL and GL 
but the smallest GW, while TEJ sub-group with 
typical partial circular grain type had the shortest PL 
and GL but the largest GW and the smallest GLWR. 
We further carried out t-test to compare the data 
related to the five panicle traits obtained from the 
Fig. 1. Frequency distributions of five panicle traits of tested varieties.  
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Arkansas pilot test (Zhao et al, 2011) and those from 
the test in Yangzhou. PBNs of all rice varieties in 
these two locations showed extreme and significant 
differences, and PBNs in Yangzhou were much larger 
than those in Arkansas (Table 1). All varieties 
displayed significant differences on PL between the 
two locations except ARO and IND sub-groups. In 
addition, no significant differences were observed in 
GL, GW and GLWR, suggesting that these three traits 
were less affected by the external environments. 
GWAS of panicle traits 
We carried out GWAS to compare 5 panicle traits and 
the corresponding SNPs of 315 varieties in Yangzhou. 
From the Manhattan plots in Fig. 2, it can be seen that 
significantly associated markers showing higher values 
than the thresholds existed in all traits. Noticeably, 
there were association signals for traits located near 
previously reported genes/QTLs, suggesting that the 
results are of high reliability. Based on the association 
signals in Figs. 2 and 3, there are seven loci associated 
with PL, five with PBN, ten with GL, eight with GW 
and six with GLWR in the Yangzhou test. Chromosome 
3 contained more loci than others, almost influencing 
all traits except PBN. Chromosome 9 contained a 
locus significantly associated with PBN in the 
Arkansas test, but not in the Yangzhou test (Fig. 3).  
Based on the comparison results of Yangzhou and 
Arkansas tests (Fig. 3), we discovered four common 
loci for GL, two for GW, five for GLWR, and one for 
PBN, indicating the stability and reliability of these 
loci. No locus showed association with PL in both 
locations. Chromosome 3 contained more common 
loci than the others in the both two locations, 
including previously cloned genes GW3, GS3, GW3.1, 
and fine-mapped QTL qGL3 associated with grain 
weight or grain type. Chromosome 5 contained a 
common locus in both test locations that harbors a 
particle type controlling gene GW5. There were no 
co-localization between cloned or fine-mapped 
genes/QTLs and the remaining associated common 
loci (Fig. 2). For the associated loci that showed 
differently functions in the two test locations, their 
functions probably depend on particular geographical 
and climatic environments. These associated loci will 
be of high values for improving local rice varieties.  
Phenotype contribution rate of associated loci and 
analysis of favorable alleles 
We further analyzed the most significantly associated 
SNP (peak SNP) in each association region in Table 2. 
We discovered that the peak SNP locus accounted for 
11.25%–11.79% of the GL differences and the other 
loci contributed 7.59%–10.29%. The loci associated 
with GW included two strong peaks. One located on 
chromosome 5, which harbors the gene GW5 
controlling the improvements of GL, GW and GLWR 
at the same time. Another one located on chromosome 
6, contributing most significantly to GW (up to 
11.95%). The average GW in varieties with the 
favorable allele was roughly 0.55 mm wider than 
those without this allele. Since this favorable allele 
was not detected to be associated with GL, it is 
probably specifically associated with GW. The 
frequencies of the favorable alleles for improving PL, 
GL and GW were higher than those of the unfavorable 
one in natural varieties. On the contrary, the 
frequencies of the two alleles controlling PBN and 
GLWR were similar. These results suggest that the 
favorable alleles for large spikelet and large grain 
have been artificially selected in the breeding process. 
Table 1. Differences in panicle traits of different sub-group varieties in two locations revealed by t-test. 
Trait Location ADM (49) ARO (8) AUS (52) IND (53) TEJ (78) TRJ (75) 
Panicle length (cm)  Arkansas, America 24.6 ± 3.6 A 30.3 ± 2.0 A 24.9 ± 2.8 A 25.8 ± 2.6 A 21.3 ± 2.7 A 25.0 ± 3.1 A 
Yangzhou, China 27.9 ± 4.7 B 32.8 ± 4.1 A 28.2 ± 3.5 B 27.1 ± 3.7 A 24.5 ± 4.7 B 30.1 ± 4.5 B 
Primary branch number Arkansas, America 9.9 ± 1.7 A 8.4 ± 1.2 A 8.6 ± 1.3 A 9.9 ± 1.3 A 9.7 ± 1.5 A 11.2 ± 1.8 A 
Yangzhou, China 12.1 ± 2.2 B 13.1 ± 0.8 B 12.1 ± 1.9 B 12.8 ± 1.7 B 11.4 ± 2.4 B 14.3 ± 2.4 B 
Grain length (cm) Arkansas, America 8.6 ± 0.9 A 9.4 ± 0.6 A 8.0 ± 0.8 A 8.2 ± 0.7 A 7.9 ± 0.8 A 9.0 ± 0.8 A 
Yangzhou, China 8.7 ± 0.9 A 9.4 ± 0.7 A 8.2 ± 0.7 A 8.3 ± 0.7 A 7.9 ± 0.8 A 9.0 ± 0.7 A 
Grain width (mm) Arkansas, America 3.2 ± 0.3 A 2.6 ± 0.3 A 2.9 ± 0.3 A 2.9 ± 0.2 A 3.5 ± 0.2 A 3.0 ± 0.4 A 
Yangzhou, China 3.2 ± 0.4 A 2.7 ± 0.3 A 2.9 ± 0.4 A 3.0 ± 0.3 A 3.5 ± 0.3 A 3.0 ± 0.4 A 
Grain length/width ratio Arkansas, America 2.7 ± 0.5 A 3.6 ± 0.5 A 2.8 ± 0.5 A 2.8 ± 0.4 A 2.2 ± 0.3 A 3.0 ± 0.5 A 
Yangzhou, China 2.7 ± 0.5 A 3.5 ± 0.5 A 2.9 ± 0.6 A 2.8 ± 0.5 A 2.3 ± 0.3 A 3.1 ± 0.5 A 
The number behind each sub-group indicates the number of varieties in the corresponding sub-group. Different capital letters behind each 
phenotypic value indicate the significant differences at P < 0.01 in student t-test between the two locations.  
ADM, Admix; ARO, Aromatic; AUS, Aus; IND, Indica, TEJ, Temperate japonica; TRJ, Tropical japonica. 
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Additive effects of contributing allele number  
We performed further linear regression analysis on allele 
number and their impacts associated with each trait 
(Fig. 4). Except PBN, the linear regression determination 
coefficients (R2) of all traits were above 0.8280, with 
the highest R2 reaching 0.9728. These results suggest 
that as the number of favorable alleles increased, the 
trait value also increased in a significantly linear trend. 
For PBN, the R2 value was low, which might be due to 
that the sample size was small (only two) but with five 
favorable alleles. Overall, most varieties had more 
favorable alleles for GL and PL, and moderately 
favorable alleles for GW and PBN. On the contrary, 
most varieties had less favorable alleles for GLWR. The 
low GLWR might be a result of the favored grain trait. 
Fig. 2. Genome-wide association studies of 5 panicle traits using 315 rice varieties.  
A to E, Manhattan plots of mixed linear model for five traits. Black horizontal lines indicate the genome-wide significance threshold. 
GS7, GW7, GL7 
GS7, GW7, GL7 
GS7, GW7, GL7 
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When the numbers of favorable alleles associated 
with the five traits in all sub-groups were compared 
(Fig. 5), TRJ and ARO sub-groups significantly 
appeared to have more favorable alleles than the other 
Table 2. Genome-wide significant association of rice panicle traits. 
Trait SNP ID Chromosome Position (bp)  Major allele Minor allele 
Minor allele 
frequency 
P value Marker R2 Phenotypic difference 
between alleles 
PL id3002504 3 4 364 855 A G 0.31  3.24E-6 7.38  4.23  
id3006008 3 11 627 714 T C 0.22  2.70E-6 8.88  4.94  
id6003381 6 4 846 082 A T 0.37  1.90E-7 8.04  4.30  
id8003039 8 9 380 990 C T 0.26  3.02E-6 6.50  4.46  
ud10001221 10 21 175 430 G C 0.14  9.57E-8 8.35  5.57  
id12006578 12 19 520 927 T C 0.50  6.53E-7 7.32  1.74  
id12009010 12 24 997 487 A C 0.31  6.84E-6 6.04  4.35  
PBN id1002477 1 3 096 543 A T 0.26  9.76E-7 7.14  -2.27  
id1003789 1 4 545 468 C T 0.28  2.01E-6 6.66  -2.15  
id4010535 4 31 070 028 A G 0.37  1.57E-5 5.76  -1.90  
id6014585 6 26 364 670 A T 0.29  3.26E-6 6.44  1.99  
id11011548 11 28 322 308 T G 0.07  4.94E-6 6.23  3.02  
GL ud3000463 3 8113 668 A T 0.45  3.46E-12 8.74  0.32  
id3008053 3 16 074 273 C T 0.36  9.41E-15 11.79  0.64  
id3009175 3 18 788 035 G A 0.27  1.27E-13 11.25  0.90  
id5002706 5 5 339 063 C T 0.24  1.69E-13 10.29  0.93  
wd6000477 6 9 123 484 C T 0.18  4.78E-11 7.59  1.01  
ud7001337 7 18 964 116 G C 0.28  5.56E-12 9.05  0.87  
id8005966 8 21 416 851 G T 0.27  7.11E-12 8.88  0.83  
id10001788 10 5 878 902 A G 0.26  3.18E-13 11.34  0.95  
wd10002564 10 11 284 071 C T 0.16  1.98E-12 9.07  1.09  
id12006498 12 19 402 914 C A 0.43  6.25E-12 9.33  -0.84  
GW id1024648 1 38 923 066 A T 0.41  1.55E-5 6.35  0.47  
id2015723 2 34 819 747 T C 0.28  2.88E-6 6.47  0.33  
id3008699 3 17 806 411 G C 0.49  8.27E-6 6.01  -0.48  
id5002708 5 5 340 574 A T 0.11  1.93E-8 9.35  0.48  
id6011831 6 22 951 051 C T 0.13  5.71E-8 11.95  0.55  
id7003644 7 22 056 571 A G 0.44  6.02E-7 7.34  0.46  
dd11000032 11 21 706 131 A G 0.19  3.68E-7 7.63  -0.18  
id12007136 12 21 630 274 G A 0.06  3.63E-6 6.43  0.56  
GLWR wd3000595 3 16 759 297 T C 0.23  1.30E-5 6.01  0.10  
id4012361 4 34 949 006 G A 0.15  1.10E-5 5.71  -0.03  
id5002751 5 5 396 733 G C 0.47  3.42E-7 7.65  0.65  
id6011831 6 22 951 051 C T 0.13  6.04E-6 8.47  -0.83  
id7003917 7 22 787 412 A G 0.12  1.24E-6 6.95  -0.77  
id11001567 11 3 956 750 A G 0.45  7.99E-6 6.09  -0.39  
Bold letters indicate increasing effect alleles. Phenotypic difference between alleles was calculated by subtracting the average trait value of 
varieties harboring minor allele from the average trait value of varieties carrying major allele, and the positive and minus values indicate the major 
alleles are the favorable allele or unfavorable allele, respectively. 
PL, Panicle length; PBN, Primary branch number; GL, Grain length; GW, Grain width; GLWR, Grain length to width ratio; SNP, Single 
nucleotide polymorphism. 
Fig. 3. Comparison of associated regions of five panicle traits detected in two locations.  
PL, Panicle length; PBN, Primary branch number; GL, Grain length; GW, Grain width; GLWR, Grain length to width ratio. 
1 × 10-5 ≤ P ˂ 1 × 10-4 1 × 10-6 ≤ P ˂ 1 × 10-5  P ˂ 1 × 10-6 
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sub-groups. Most rice varieties grown in China belong 
to IND and TEJ sub-groups, which had the lowest 
numbers of favorable alleles. In particular, TEJ 
sub-group had the lowest number of favorable alleles 
with an average of only 13.6, which was even 
significantly lower than IND sub-group.  
In order to serve as a guideline for breeders to 
utilize these rice germplasm, we listed the information 
of the corresponding allele loci of the 24 domestic 
varieties and all varieties harboring more than 27 
favorable alleles (Supplemental Table 2). There were 
in total 15 varieties in TRJ sub-group with more than 
30 favorable alleles that carry higher trait values for 
breeding utilization. Most of the 24 domestic varieties 
contained unfavorable alleles, including locus 
dd11000032 for GW, locus id12006498 for GL, and 
loci id1002477, id1003789 and id4010535 for PBN. 
Breeding efforts to improve the related varieties in the 
future can be focused on these loci. The majority of 
varieties contained more or less a certain number of 
favorable alleles in other associated loci. Seven of the 
24 varieties belong to TEJ sub-group, which harbored 
all favorable alleles for GW and most of the unfavorable 
alleles for GL and PL. Fourteen indica rice varieties 
showed the opposite trend, especially for GL. 
DISCUSSION 
Importance of studying foreign genes related to 
yield traits in local ecological environment 
Rice yield trait is a complex quantitative trait, easily 
influenced by the environment. Therefore, the yield- 
related genes/QTLs detected in one environment have 
not been easily applied to other environments (Liu et al, 
2006; Sreedhar et al, 2011). In order to facilitate the 
better utilization of the 315 rice varieties (24 of them 
from China), we investigated their five panicle traits in 
Yangzhou and compared the corresponding published 
data obtained in Arkansas. We discovered that the 
results of PBN and PL were evidently different between 
the two locations, but the results of GW, GL and 
GLWR remained similar. These results suggested that 
the grain shape traits were less influenced by different 
environments, while the traits of panicle length and 
primary branch number were easily affected by 
environment (Tables 1 and 2). It may be due to the 
fact that the latter two traits are usually affected by the 
whole growth period of rice to a large extent. Rice 
varieties with shorter growing periods usually have 
smaller plant height, shorter panicles and fewer 
branches. In general, the duration of growing period is 
mostly dependent on temperature and light conditions. 
Thus, different environments dramatically change rice 
panicle length and the number of primary branches. 
Our further analyses on panicle traits in the two 
locations showed that there were varying numbers of 
common loci associated with the traits of GL, GW and 
GLWR that appeared in both test locations (Fig. 3). 
These results are consistent with the previously finding 
that these three traits are little affected by the environment. 
Fig. 4. Linear regression analysis on relationship between the 
average trait value and the number of favorable alleles. 
The number located under each trait mark indicates the number of 
favorable alleles. R2 indicates the regression coefficient between the 
trait value and the number of favorable alleles controlling this trait. 
PL, Panicle length (cm); PBN, Primary branch number; GL, Grain 
length (cm); GW, Grain width (cm); GLWR, Grain length to width ratio. 
Fig. 5. Comparison of number of favorable alleles associated with 
five panicle traits of different sub-groups.  
The number above the column indicates the number of favorable 
alleles in each sub-group. Different capital letters above the column
indicate significant statistical difference at 0.01 level. 
ADM, Admix; ARO, Aromatic; AUS, Aus; IND, Indica; TEJ, 
Temperate japonica; TRJ, Tropical japonica. 
Sub-group 
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On the contrary, only one common region appeared to 
be associated with PL and PBN, which suggests that 
these two traits are easily influenced by environment. 
Therefore, these results indicate that we cannot simply 
apply the yield trait-related information collected from 
other ecological environments to current breeding 
environment, especially when the rice germplasm is 
introduced from very different ecological environments. 
The associated genes/QTLs need to be tested under 
the local environment before rice breeding. 
Using these foreign cultivated rice varieties, we 
detected 36 associated loci significantly correlated 
with the panicle traits in Yangzhou. In order to avoid 
false positive sites as much as possible, we regarded 
the regions where a significantly associated locus only 
appeared as false positive regions or sites, although 
this approach will inevitably miss some loci. The fact 
that there are a number of previously cloned or fine- 
mapped genes/QTLs associated with panicle traits 
located at or near the 36 loci (Fig. 2), suggesting that 
our results are of high reliability. For example, gene 
SSD1 controlling rice stem extension (Asano et al, 2010) 
is near the locus associated with PL on chromosome 3; 
Gn1a controlling growth period and grain number 
(Ikeda et al, 2013) is near the locus associated with 
PBN on chromosome 1. There are significantly associated 
loci located at or near the regions of other known 
grain type-related genes, qGRL1.1 (Singh et al, 2012), 
GS3/GW3 (Mao et al, 2010), GW5 (Shomura et al, 
2008), GS7/GW7/GL7 (Shao et al, 2012; Wang S K et al, 
2015; Wang Y X et al, 2015) and GW8.1 (Xie et al, 
2006) on chromosomes 1, 3, 5, 7 and 8, respectively. 
A number of grain trait associated loci discovered in 
this study coincide with the conclusion of Zhao et al 
(Fig. 3). In addition, we carried out linear regression 
analysis on the numbers of alleles and the corresponding 
trait values in the tested varieties. The results showed 
that the corresponding trait values of the varieties with 
more favorable alleles are higher. Thus, our results 
demonstrate that the associated loci detected in this 
study are positively correlated with the target grain 
traits (Fig. 4). 
This study also discovered some associated loci that 
were not detected by Zhao et al (2011) in their correlation 
analysis, which indicates that these loci may be specific 
to the environment and need to be further confirmed. 
Among these newly identified loci, some had larger 
effects. For example, a locus associated with GL on 
chromosome 10 had 11.34% contribution rate, and 
another locus associated with GW on chromosome 6 
possessed 11.95% contribution rate, which rendered 
this locus the highest contribution rate to GW. The 
finding of these new loci has laid a new foundation for 
the future utilization of foreign germplasm to improve 
local varieties in grain type traits. 
Utilization strategy of foreign germplasm in rice 
breeding 
How to efficiently utilize the international rice core 
germplasm to improve yield-related traits and increase 
the genetic diversity of parental varieties in domestic 
rice is the ultimate question of this study. In the 
comparative analysis of all favorable alleles carried by 
different sub-groups, we discovered more favorable 
alleles in TRJ sub-group than in IND and TEJ 
sub-groups. In particular, TEJ sub-group carried the 
least favorable alleles (Fig. 5). Because most rice 
varieties in China belong to IND and TEJ sub-groups, 
the introduction of alleles in TRJ sub-group offers 
high application values and can be widely used in rice 
breeding. For instance, when using the germplasm in 
rice blast-resistance research, we also discovered the 
varieties in TRJ sub-group harbored significantly 
more excellently and effective resistance alleles than 
the other sub-groups (unpublished data). Most of the 
varieties in TRJ sub-group come from tropical Africa 
where rice breeding is relatively unexploited so that 
relatively less artificial selections occurred, which 
may have led to the possession of more superior 
alleles (Zhao et al, 2011). 
To assess which varieties in TRJ sub-group carried 
the most favorable alleles, we compared the genotypes 
of all associated loci in all varieties and demonstrated 
that 15 varieties in TRJ sub-group carried more than 
30 favorable alleles. These varieties come from 11 
different countries, including Nigeria, Zaire and USA, 
and can be used for rice breeding in China 
(Supplemental Table 2). Specific SSR and InDel 
markers have been developed near the associated SNP 
locations for more easily selecting desired individuals 
with favorable traits in hybrid progeny. 
Among the tested 315 varieties, 24 domestic 
varieties carry unfavorable alleles, such as locus 
dd11000032 for GW, locus id12006498 for GL, loci 
id1002477, id1003789 and id4010535 for PBN. We 
propose that removal of these unfavorable loci is the 
first step to improve panicle traits. These 24 domestic 
varieties include 7 japonica rice and 17 indica rice. 
There were obvious differences between the grain 
type-associated alleles in these two rice types, 
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especially in GW and GL traits. For example, the 
japonica varieties generally harbored more than seven 
favorable alleles for GW, more than six unfavorable 
alleles for GL, and more than four unfavorable alleles 
for PL. On the contrary, indica varieties showed the 
opposite trend. These data coincide with the fact that 
the majority of japonica varieties are bred for short 
spikelet and partial rounded grain, while the indica 
varieties are for long panicle and long grain in China. 
These observations further support the reliability of 
the association between rice panicle traits and their 
underlying loci discovered in this study. 
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